fects. Application to actual data demonstrates that motherdaughter HLA-B matching remains a schizophrenia risk factor. Furthermore, ascertainment and mate selection biases cannot by themselves explain the observed HLA-B matching and schizophrenia association. Conclusions: Our results demonstrate the power of the EMFG test to examine intergenerational genetic effects, highlight the importance of pedigree rather than case/control or case-mother/controlmother designs, illustrate that pedigrees provide a means to examine alternative, non-causal mechanisms, and they strongly support the hypothesis that HLA-B matching is causally involved in the etiology of schizophrenia in females.
Introduction
Genome-wide association studies of unrelated individuals have been the method of choice for identifying genetic variants associated with common complex traits and diseases. Although many variants have been found, most have small effect sizes and explain only a small portion of heritability [1] [2] [3] [4] . These disappointing results suggest that in addition to common genetic variants, other mechanisms such as rare variants, structural variation, gene-by-gene interactions, gene-by-environment interactions, and intergenerational genetic effects may significantly contribute to complex trait heritability and need to be explored further [3, 5, 6] .
Case-control studies, although convenient, limit the questions that can be answered. Distinguishing parentof-origin effects from maternal-fetal genotype (MFG) incompatibility is impossible without paternal information. In fact, without parental data, it can be impossible to determine whether intergenerational effects such as parent-of-origin effects or MFG incompatibility contribute to disease. Improperly accounting for these effects can diminish power in association studies [3] .
MFG incompatibility is a gene-gene interaction that occurs when certain combinations of maternal and fetal genes create an adverse environment for the developing fetus. Methods and study designs for identifying genes involved in MFG incompatibilities are receiving increasing attention [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The first such test, the MFG test [23] , is an affected-only, likelihood-based test for case-parent trios that is adapted from Weinberg's log-linear method for detecting maternal and offspring main genetic effects [24] . The primary strength of the MFG test derives from its ability to jointly model maternal genetic effects, offspring genetic effects, and interactions between maternal and offspring genotypes without confounding. Extensions to the original test allow for: multiple affected offspring in a nuclear family [17] , sparse data [19] , adjustment for the genetic effects of viability when testing for the effect of MFG incompatibility on disease [14] , and handling incomplete parental genotypes [15, 20] .
Until recently, the MFG test [14-17, 19, 20, 23] was limited to nuclear families. This forced researchers to either choose one nuclear family per extended pedigree (reducing power) or to analyze related nuclear families as independent (possibly introducing bias). To eliminate this problem, the extended MFG (EMFG) test was developed to include arbitrary pedigree structures in the analysis of MFG incompatibility at a bi-allelic locus [8] . By using pedigrees in their entirety, the EMFG test yields unbiased estimates of the MFG parameter in situations where using nuclear families extracted from extended pedigrees leads to biased estimates [8] . The current article generalizes the EMFG test to allow: (1) the assessment of highly polymorphic loci, such as HLA loci or joint analysis of multiple SNPs, and (2) more flexibility in the intergenerational effects that can be tested.
As an example of intergenerational effect analysis, we apply our new EMFG test to provide insight into the role of HLA-B [MIM 142830] maternal-fetal matching in the risk for schizophrenia. There is little doubt that schizophrenia is a highly heritable, genetically complex disorder [25] . However, genome-wide association studies have had only limited success in explaining its genetic underpinnings [26] . Prenatal environmental factors, notably those that result in obstetric complications, increase schizophrenia risk [27] [28] [29] [30] [31] [32] [33] . Particularly interesting are prenatal environment risks that are genetic in origin, such as those induced by MFG incompatibility [23] . Palmer et al. [34] use the MFG test [16, 17, 23 ] to analyze nuclear families extracted from large pedigrees and find that HLA-B matching increases schizophrenia risk in female offspring. Although intriguing, two possible artifacts may explain this phenomenon.
First, given that ignoring the affection status of relatives can bias effect sizes [8] , the observed association between HLA-B matching and schizophrenia in female offspring could be an artifact of analyzing data from selected nuclear families rather than using the actual pedigree structures and affection statuses. Using our new EMFG test for multi-allelic loci, we can determine if the nuclear families extracted from pedigrees [34] introduce a bias against a male MFG effect, leading to a female-specific HLA-B artifact.
Second, Palmer's MFG results [34] might be solely an artifact of olfactory deficits [35] that are present in parents of individuals with schizophrenia [36] [37] [38] [39] [40] [41] [42] . The relationship between mate choice, olfaction, and HLA type has been studied [43] [44] [45] [46] [47] [48] [49] [50] [51] . Some, but not all, of these studies find that in the general population disassortative mate selection exists at HLA loci due to olfactory preferences [43] [44] [45] . Under an olfactory deficit hypothesis, schizophrenics' parents do not avoid HLA similar mates, leading to a different distribution of mating types in these parents versus the mating types observed for the parents of unaffected offspring. This lack of olfactory discrimination leads to increased mother-offspring HLA-B matching, which could be misinterpreted as a risk factor for schizophrenia. However, if parental olfactory deficits are the sole cause of the observed mother-offspring HLA-B matching, we should observe data that are consistent with paternal transmission equilibrium. In contrast, a hypothesis that includes a direct effect of HLA-B matching on schizophrenia risk (whether or not olfactory deficits are present) predicts paternal transmission distortion [22] . Thus, the hypothesis that HLA-B maternal-fetal matching contributes to schizophrenia susceptibility will be supported by evidence of paternal transmission distortion regardless of the observed parental mating types.
In the current study, we first generalize the EMFG test for use with multi-allelic loci and any form of MFG incompatibility. We then apply this new EMFG test to simulated data to quantify the advantages of using extended pedigrees rather than nuclear families and to evaluate its statistical properties. We also revisit a large Finnish schizophrenia data set that includes previously excluded individuals. The new EMFG test should provide more accurate HLA-B matching estimates by better reflecting the true relationships among affected family members. By using extended pedigrees we are also able to better examine whether the study design previously used or the olfactory deficit hypothesis explain the observed association between HLA-B matching and schizophrenia in female offspring [34] .
Subjects and Methods

Subjects
Study subjects are part of a Finnish schizophrenia study, which has been previously described [34, [52] [53] [54] [55] . Subjects provided informed consent. The research was approved by the Ministry of Social Affairs and Health (Finland) and the Institutional Review Board at the University of California, Los Angeles (USA). Probands with schizophrenia born between 1940 and 1969 and their relatives were identified through nationwide health and population registers. Two independent DSM-IV [56] best-estimate lifetime diagnoses were made from all available inpatient and outpatient records for probands and their relatives.
Palmer et al. [34] use 274 nuclear families from this study where DNA is available for at least 1 parent and 1-6 offspring affected with schizophrenia, schizoaffective psychosis disorder, or schizophrenia spectrum disorder for a total of 484 affected offspring. We expand the original sample by including relatives who could not be analyzed previously, such as half siblings, first cousins, and affected parents. We also reconnect nuclear families where offspring are second cousins, or more distantly related, and were previously treated as unrelated families. These two steps yield a study sample with a total of 553 genotyped, affected individuals (419 diagnosed with schizophrenia, 80 with schizoaffective disorders, and 54 with schizophrenia spectrum disorders) distributed over 230 pedigrees, an additional 69 affected individuals. The number of affected individuals per pedigree ranges from 1 to 14 with one-third of pedigrees having 3 or more affected members. Of the 230 pedigrees, 69 (30%) are extended pedigrees. Of these 69 extended pedigrees, 48 (21% of the study sample) contain affected individuals in multiple generations (e.g. parent-offspring combinations), including a total of 31 affected mothers and 17 affected fathers with affected offspring. As before [34] , 60% of affected individuals are male.
Genotyping Methods DNA and genotyping details are found elsewhere [34, 57] . In short, an HLA clinical diagnostic and reference laboratory with high inter-and intrasite reliability for DNA-based typing of HLA class I and II genes was used for genotyping. Individuals were genotyped blind to their diagnostic status for HLA-B antigens. The genotyping failure rate was 5%, mainly due to insufficient quantities of DNA. Individuals were coded as homozygous when only a single allele was observed.
We use the Trim Pedigrees [58] option of Mendel (version 10) [59] to remove any individuals who are not necessary for informing the relationships between affected individuals in the pedigree. We use Mendel's Mistyping option [60] to detect genotyping errors and find no errors over those found previously [34] . We also use Mendel to test for the Hardy-Weinberg equilibrium (HWE) in the pedigrees [61] because HWE is an assumption of the multiallelic version of the EMFG test and because violation of HWE is evidence against the olfactory deficit model.
Statistical Analyses -The Generalized EMFG Test for
Multi-Allelic Loci. For a pedigree with n members, the EMFG test fits a conditional likelihood of the observed marker phenotypes G given the trait phenotypes D 
G D
Here Prior(g j ) represents founder j 's genotype frequency at the proposed genotype g j . We assume random mating at the locus of interest to avoid overparameterization [8] . Pr(G i ͉ g i ) is an indicator variable equaling 1 if, for individual i, g i is consistent with the observed marker phenotype G i , and 0 if it is inconsistent. When G i is missing, Pr(G i ͉ g i ) = 1. Offspring and maternal genetic effects, and MFG interactions are parameterized through Pr(D c ͉ g c , g r ), the penetrance, which is combined with Trans(g c ͉ g r , g s ) (the transmission probability for the offspring, mother, and father triple (c, r, s)). The denominator sums over all possible ordered (phased) genotypes for the n pedigree members, and is similar to standard ascertainment correction [62] . The likelihood in equation 1 is summed over all ordered genotypes g that are consistent with the observed genotypes G in the pedigree. As genotype phases are usually unknown, the number of terms in this summation can be large if genotypes are missing for many individuals. To include affected and genotyped founders in the EMFG test, each must be provided with two parents who have no genotypes or phenotypes. As presented here, the EMFG test is an affected-only analysis. All unaffected individuals are considered to be phenotype unknown. This low prevalence disease assumption [15] is reasonable for schizophrenia, which has less than 2% prevalence. For diseases with a prevalence less than ϳ 10%, unaffected offspring contribute little to the likelihood, and therefore the affected-only approach is a reasonable approximation [14, 63] . For more common diseases, the test can be modified to estimate the penetrance for unaffected offspring, requiring the baseline disease prevalence to be estimated [14] .
We modify the EMFG test [8] for use with highly polymorphic loci like HLA by making two adjustments to equation 1: (a) we estimate founder allele frequencies rather than genotype frequencies to reduce nuisance parameters, and (b) we generalize the penetrance function Pr(D c ͉ g c , g r ) to handle the wide range of MFG incompatibilities that are possible with multi-allelic loci. We make the first adjustment by assuming HWE at the locus of interest. The second adjustment is straightforward but requires careful consideration. There are q (2 q 2 -q + 1)/2 distinct MFG combinations for a locus with q alleles. Each combination could be assigned its own MFG parameter, but this would result in too many parameters. In practice, we reduce the parameter number by drawing on prior biological knowledge. With maternal-fetal matching, we are not interested in the specific alleles present in the mother-offspring genotype pair, but rather how many alleles they share identical by state (IBS). There are 4 possible motheroffspring genotype IBS combinations: (combination A) identical mother-offspring genotypes ((g r = i/i, g c = i/i) or (g r = i/j, g c = i/j)) with relative risk A ; (combination B) the mother is homozygous and the offspring is heterozygous (g r = i/i, g c = i/j) with relative risk B ; (combination C) the mother is heterozygous and the offspring is homozygous (g r = i/j, g c = i/i) with relative risk C , and (combination D) the mother and offspring genotypes are both heterozygous but not identical (g r = i/j, g c = i/k) with relative risk D . These relative risks are modeled in the penetrance function, Pr(D c ͉ g c , g r ). Because these are relative risks, one of them is constrained to 1.0 and serves as the reference.
If we have strong prior knowledge that certain forms of matching do not modify disease risk, we can further reduce the number of relative risk parameters. In our example, the only combinations that lead to an adverse prenatal environment are those in which the offspring's alleles are identical to (combination A), or a subset of (combination C), the maternal alleles [34, 64] . In this case, we constrain both B and D to equal 1.0. We also force combinations A and C to have the same relative risk of disease by including the constraint A = C = .
Introducing additional relative risks into the penetrance function accommodates the main effects of offspring risk alleles. These new parameters represent the relative risk of disease for an offspring who carries one or two copies of a risk allele compared to an offspring who carries no copies. Similarly, maternal genetic effects can be modeled [23] that represent relative risks of disease for offspring whose mother carries one or two copies of the risk allele compared to an offspring whose mother carries no copies. Although each possible maternal and offspring genotype could have its own associated risk, for highly polymorphic loci this model would result in too many parameters for accurate estimation. Thus we suggest constraining the offspring effects to 2, s = 2 1 , s and the maternal effects to 2, s = 2 1, s for each allele s to reduce the number of parameters to 2( q -1), where q is the number of alleles and one allele is the reference.
Simulation Studies
Through simulation studies, we examine type I error, power, parameter estimation, and other properties of the EMFG test for multi-allelic loci. Each analysis described below simulates a locus with 10 alleles and frequencies to mimic HLA-B frequencies in our Finnish schizophrenia data (0.0575, 0.0593, 0.0625, 0.0847, 0.0860, 0.0921, 0.1020, 0.1185, 0.1687, 0.1688). We simulate 1,000 samples, each containing 50 three-generation pedigrees with affected individuals in 2 generations (see fig. 1 ). We use sex-neutral effect sizes of 1.0 and 1.5. We calculate the average parameter estimates of the male and female MFG effects, standard errors, coverage, and rejection rates using the EMFG test. The rejection rate is the proportion of samples where the likelihood ratio test rejects the null hypothesis of no MFG effect at the 0.05 significance level. Coverage is the proportion of 95% confidence intervals (CI) that contain the MFG relative risk's true value.
The EMFG test for binary loci can have an inflated type I error when HWE does not hold [8] . To test the effects of violating HWE in the multi-allelic setting, we simulate an example of population stratification with 1,000 samples from two populations. Each sample consists of 50 families with affected individuals in 2 generations ( fig. 1 ) for a total of 200 founders. One half of the families are simulated using the Finnish HLA-B frequencies and the other half are simulated using allele frequencies of 0.1197, 0.0709, 0.1072, 0.1847, 0.0505, 0.1644, 0.1635, 0.0396, 0.0526, and 0.0469. Samples are simulated with effect sizes of 1.0 and 1.5. We estimate the MFG parameter, rejection rates, and coverages using the EMFG test. As measures of the degree of population stratification, we use the Allele Frequencies option of Mendel to calculate Wright's F st statistic and to test for equivalent allele frequencies between the two populations [65] .
To determine the usefulness of extended pedigrees over nuclear families, we use a large MFG effect size of 2.5 along with a large number of pedigrees to ensure detection of any potential biases. We simulate these samples using the Finnish HLA-B allele frequencies. In the first set of simulations, we generate 300 threegeneration pedigrees with only the last generation affected ( fig. 1 ,  individuals 7 and 8) . We analyze the data as extended pedigrees (scenario 1) and use two different nuclear family approaches: (i) a conservative approach of randomly selecting one grandchild and his/her parents from each pedigree, resulting in the analysis of 300 case-parent trios per sample (scenario 2), and (ii) a maximum sample size approach of including both grandchildren and their parents in the analysis for a total of 600 case-parent trios per sample (scenario 3). In a second set of simulations, we classify all offspring in the second and third generations as affected ( fig. 1 , individuals 5-8) and repeat the entire simulation analysis (scenari- os [4] [5] [6] . For the conservative approach we choose individuals 1, 2, 5, and 6 (the most informative nuclear family per pedigree, scenario 5). For the maximum sample size approach we include each nuclear family, resulting in the analysis of 900 nuclear families (scenario 6).
Analysis of Schizophrenia Pedigrees
Because the EMFG test can now be applied to a multi-allelic locus, we can estimate a sex-specific HLA-B matching effect in the schizophrenia sample. We use the World Health Organization criteria [66] to classify HLA-B alleles. However, the 20 observed alleles are too many for our modest sample size because this would result in 19 estimates of allele frequencies, many of which are quite rare. We use the Combining Alleles option of Mendel [67] to bin alleles, and thus limit the number of alleles to ten. One potential objection to combining alleles is that it may result in binning lowrisk mother-offspring combinations with high-risk ones. However, for MFG matching, our binning scheme biases results towards the null hypothesis of no MFG incompatibility and thus is conservative. For example, if allele k is rare and is combined with frequent allele j, we misclassify a (i/j, i/k) mother-offspring low-risk combination as a (i/j, i/j) mother-offspring high-risk combination, which reduces the estimate of the MFG matching effect. As a sensitivity test, we also make genotypes with very rare alleles missing and find no difference in our results (data not shown).
We test for a sex-specific HLA-B matching effect on schizophrenia by fitting three models: no MFG effects (model 0); separate MFG effects for males and females (model 1), and a female MFG effect while the male MFG effect is constrained to the null (model 2). We define offspring as being MFG incompatible (i.e. matching) with their mother if the offspring's alleles are equivalent to, or a subset of, the mother's alleles (combinations A and C). Constraints are placed on parameters to fit models of interest. Likelihood ratio tests are used to compare null and alternative hypotheses. Although not observed by Palmer et al. [34] , findings by Nunes et al. [68] suggest that HLA-B * 15 and HLA-B * 35 are associated with schizophrenia, so we also test whether offspring or maternal genetic effects for these two alleles are significant in the presence of the MFG matching effect.
Because of the absence of control families in our study design, we cannot directly test for olfactory deficits. However, we can determine if an olfactory deficit model is the sole explanation for the observed association between HLA-B matching and schizophrenia, as opposed to MFG incompatibility alone or in combination with olfactory deficits, by focusing on the parental mating pairs that are informative for matching and then testing for evidence of transmission distortion. In these informative pairs, mothers and fathers are IBS = 1, and we determine which of the father's alleles is transmitted. For homozygous mother-heterozygous father pairs (i/i * i/j), offspring can be matched (i/i) or mismatched (i/j) with their mother. For mating type pairs i/j * i/k, offspring can be matched (i/i or i/j) or mismatched (i/k or j/k). If matching is a risk factor for schizophrenia, we will see significantly more matched affected offspring than mismatched affected offspring in these two mating type pairs. In other words, we will see apparent overtransmission of the paternal allele shared by the mating pair. To test this hypothesis we determine the number of HLA-B matched offspring in these two mating type groups and compare the observed proportions to what is expected under the null hypothesis of no transmission distortion (50%) using a Wald test.
Results
Statistical Properties of the EMFG Test for Multi-Allelic Matching
Simulations under the null hypothesis of no MFG incompatibility effect ( table 1 , = 1.0) demonstrate that the parameter estimation ( ˆ = 0.970, SE = 0.155), coverage (0.945), and type I error rate (0.060) are all appropriate. With 50 extended pedigrees, there is 77.5% power to detect an effect size of 1.5. Parameter estimation ( ˆ = 1.475, SE = 0.207) and coverage (0.950) are appropriate when a model constraining gender effects is used ( table 1 , = 1.5, m = f ). Under these same conditions, there is a slight reduction of power (67.3%) when estimating separate relative risks for males and females, but parameter estimates and coverage do not change significantly ( table 1 ) . These results suggest that the extension of the EMFG test to a multi-allelic locus is statistically sound and our analysis of the schizophrenia data set with 230 pedigrees is well powered to detect moderate effect sizes using a relatively homogeneous population like the Finns. Because users may be interested in applying the EMFG test to data from more structured populations, we simulate data where the random mating assumption of HWE is violated by population stratification. Our simulated data have an average F ST of 0.021, comparable to F st values between southern Italians and the Kuusamo subisolate of Finland (F st = 0.023 [69] ) or between Russians and Palestinians (F st = 0.020 [70] ). This degree of population stratification is severe enough to cause the test of population allelic homogeneity to be rejected in every one of our samples. When samples are simulated with an MFG effect of 1.0, the type I error rate is inflated (10.5%), the MFG matching effect is overestimated and coverage is reduced ( ˆ = 1.115, SE = 0.173, coverage = 88.5%). When samples are simulated with an effect size of 1.5, the MFG effect is overestimated and coverage is reduced ( ˆ = 1.698, SE = 0.233, coverage = 83.8%, power = 95.6%). When the degree of population stratification is reduced (when 0.00 ! F ST ! 0.02), the type 1 error rate approaches 0.05 and the coverage is increased (data not shown). So, for our actual data analysis using schizophrenia Finnish families from Helsinki and Kuusamo, where the F ST has been estimated to be 0.005 [69] , the inference should be accurate.
Investigating the Usefulness of Extended Pedigrees
There is no evidence of bias when simulating pedigrees where only the last generation contains affected individuals and data are analyzed from (1) a single nuclear family per pedigree ( table 2 , scenario 2) or (2) all nuclear families with an affected offspring ( table 2 , scenario 3). These nuclear family results ( table 2 , Childs et al. [8] show that there is biased estimation of the RHD incompatibility effect when pedigrees containing affected parents and affected offspring are partitioned into nuclear families and then analyzed. For this reason we also simulated data using pedigrees where affected individuals are in two consecutive generations and there is a sex-neutral MFG matching effect of 2.5 ( table 3 , The results for the analysis of a nuclear family consisting of individuals 1, 2, 5, and 6 ( table 3 , scenario 5) show that the effect in female offspring is underestimated but the effect in male offspring is not. This female-specific parameter underestimation is due to conflicts between the possible HLA-B maternal-fetal matching combinations, which are not taken under consideration when the data are treated as nuclear families. When affected indi- 1 300 simulated extended pedigrees are analyzed where individuals 7 and 8 are affected (see fig. 1 ). 2 One of the affected individuals and his/her parents is randomly selected from the extended pedigrees simulated in scenario 1, resulting in the analysis of 300 nuclear families. 3 Both affected individuals and their parents from the extended pedigrees simulated in scenario 1 are analyzed, resulting in the inclusion of 600 nuclear families. viduals are present in consecutive generations, there are conflicting optimal genotypes for individual 5, who is the offspring of individual 2 and also the mother of individual 8. MFG matching favors mothers who are heterozygous and offspring who are homozygous. Thus, as offspring, individuals 5 and 6 are more likely to be homozygous than is expected for a random individual in the population. However, as the mother of affected offspring 8 in the nuclear family (with individuals 4, 5, 8), we expect individual 5's genotype to favor heterozygosity. We find that individual 6 is homozygous in 29% of the simulated families, while individual 5 is homozygous in 26% of the families, reflecting the conflicting role for individual 5. When analyzed as part of the extended family, individual 5's two roles are captured correctly. In the analysis of the nuclear family with individuals 1, 2, 5, and 6, the information that individual 5 is an affected mother of an affected offspring is lost. Overall this information loss leads to an underestimation of the HLA-B matching effect in females but not in males when we analyze affected individuals without including their affected offspring. The information regarding the parents' affection statuses is also lost when we analyze the nuclear families with individuals 3, 6, 7 and with individuals 4, 5, 8. This information loss leads to an underestimation of both the male and female MFG effect. Based on these results, we conclude that the analysis of selected nuclear families could lead to an underestimation of MFG matching effects but not to an overestimation of a female-specific MFG matching effect.
Application of the EMFG Test to Schizophrenia Data
Based on our simulation results it is possible that the previous failure to detect an HLA-B matching effect in males [34] is an artifact of breaking the extended pedigrees into nuclear families. Because the new EMFG can now handle extended pedigrees, we retested the hypotheses using the full pedigrees as ascertained. We analyzed the primary hypothesis of a sex-specific HLA-B matching effect by first comparing the model in which the maleand female-specific MFG effects are estimated ( table 4 , model 1) to a model in which both are constrained to the null value ( table 4 , model 0) . This comparison yields evidence to support an HLA-B matching effect on schizophrenia ( 2 = 7.082, d.f. = 2, p = 0.029), with a male relative risk estimate ( ˆ m ) of 0.890 (95% CI = 0.687, 1.153) and a female relative risk estimate ( ˆ f ) of 1.449 (95% CI = 1.109, 1.892). We then fit a third model where we constrain the male MFG effect to 1.0 and only estimate the female MFG matching effect ( table 4 , model 2). Comparison of the null hypothesis model of no MFG incompatibility (model 0) to a female-specific MFG matching ef- 1 300 simulated extended pedigrees are analyzed where individuals 5-8 are affected (see fig. 1 ). 2 The nuclear family that includes affected offspring 5 and 6 is selected from the extended pedigrees simulated in scenario 4, resulting in the analysis of 300 nuclear families. 3 Every nuclear family with at least one affected offspring from the extended pedigrees simulated in scenario 4 is selected, resulting in the analysis of 900 nuclear families. [68] , we also tested for offspring and maternal genetic effects in the presence of the MFG matching effect. In each of these analyses, no significant genetic effects are apparent (p 1 0.13) and the MFG matching effect remains significant (p values ! 0.014). In summary, the HLA-B matching effect on schizophrenia is exclusive to female offspring and is not due to maternal or offspring genetic effects.
Examination of the Mate Choice -Olfactory Deficit Model
Before addressing the hypothesis that the observed MFG is due solely to olfactory deficits, we first note that in our study sample HWE at HLA-B holds (p = 0.42). This result supports the hypothesis of olfactory deficits as well as the use of the EMFG test in our analyses. We examine the ability of olfactory deficits alone to explain the HLA-B matching results by randomly selecting one affected female offspring from the 24 mating pairs informative for matching in which there is at least one affected female offspring. We find 20 (83%) who are HLA-B MFG matched with their mothers and 4 (17%) who are HLA-B MFG mismatched ( table 5 ). These proportions are significantly different from the null hypothesis of no paternal transmission distortion (50%) (p = 0.001) and support the alternative hypothesis that paternal transmission distortion is present. We observe similar results supporting the presence of paternal transmission distortion when we use both male and female affected offspring and randomly select one offspring from each informative mating pair (29 HLA-B matched (66%) and 15 HLA-B mismatched (34%) offspring in 44 mating pairs, p = 0.035). Because paternal transmission equilibrium would be expected if the olfactory deficit were the sole cause of the observed association between HLA-B maternal-fetal matching and schizophrenia, this result supports a causal role of HLA-B matching between mother and female offspring in the etiology of schizophrenia. However, this result does not rule out a scenario where there are olfactory deficits contributing to the observed effects in addition to a causal role for HLA-B matching.
Discussion
In this article, we provide a general model and announce software for testing interactions between maternal and offspring genotypes by further extending the flexibility of the EMFG test. The EMFG test is an analysis option within the free, statistical genetics software package Mendel (version 11 or later). This new EMFG test allows for the use of a multi-allelic locus with arbitrary pedigree structures. The test examines whether risk alleles that act through the offspring (offspring genetic effects), mother (maternal genetic effects), or an interaction of maternal and offspring genotypes (MFG incompatibility) modulate disease risk in the offspring. Our new EMFG test is flexible in defining MFG incompatibility specific to the scientific hypotheses in question. As an example, multi-locus SNP genotypes can be used by letting haplotypes serve as the underlying unobserved states and the unordered multi-locus genotypes serve as the observed marker phenotypes [67] . This construct is consistent with our theory development because the likelihood equation 1 sums over all possible genotypes, and alleles need not be co-dominant [20] .
Our simulations show that chopping up extended pedigrees into nuclear families can lead to biases in parameter estimation when affected individuals are present in multiple generations. This problem is a result of losing information provided by relatives. With regards to MFG matching, the affection status of grandchildren provides information in the analysis of affected mothers that is lost when analyzing nuclear families or case- [14, 23, 34] . Family studies are optimal for examining intergenerational genetic effects because they allow for the detection of various types of genotypic variation, which would be confounded without parental genotype data. Schizophrenia provides an excellent example of a disease where addressing more complicated genetic mechanisms than the simple offspring risk allele models tested in genome-wide association studies may provide more insights. We apply the EMFG test to a data set containing previously analyzed individuals [34] and additional family members not previously used. Our results support the previous finding that HLA-B MFG matching increases schizophrenia risk in female offspring. Moreover, the 95% CIs in the current study are roughly two-thirds the size previously found [34] . This indicates that reconnecting nuclear families can yield significantly more precise estimates for risk factors. Our analysis bolsters the argument that HLA-B maternal-fetal matching is a much larger risk factor for females than males.
Before embarking on studies to clarify the causal role of HLA-B matching in schizophrenia etiology, it is important to examine other explanations for the observed association. By using the EMFG test we rule out one possible explanation, namely that the MFG parameter estimates are upwardly biased as a result of choosing nuclear families from extended pedigrees. Simulation studies reveal that under an HLA-B matching MFG model, selecting nuclear families from extended pedigrees can lead to underestimation of the female MFG effect when affected females have affected offspring, but it does not lead to overestimation. The demonstration of a statistically significant female HLA-B MFG matching effect and the absence of a male effect in the Finnish extended pedigree data effectively lay to rest the hypothesis that the original result [34] is an artifact of its study design.
We also show that families provide the ability to distinguish between (1) MFG matching that is a consequence of increased genotype similarity of the parental pairs of the affected offspring (such as the olfactory deficit model), and (2) MFG matching that leads to apparent paternal transmission distortion. Our results allow us to refute the hypothesis that the HLA-B MFG matching between mother and offspring is solely a byproduct of olfactory deficits in the parents of schizophrenics. We need to reiterate that it is still possible that olfactory deficits are present in the parents of schizophrenics, and that these olfactory deficits set the stage for the MFG matching as a schizophrenia risk factor. However, in order to examine whether olfactory deficits contribute, we would need a different study design that includes families unaffected by schizophrenia.
Discovering factors associated with schizophrenia is only the first step to understanding the etiology of this complicated disorder. The biological basis for the femalespecific effect of HLA-B matching on schizophrenia needs to be elucidated [35] . One possible mechanism is that HLA-B matching results in increased prenatal/obstetric complications and that female fetuses are more likely to survive these complications [71] , therefore resulting in the observation of a stronger female HLA-B maternal-fetal matching effect in schizophrenia studies. Many studies examine the association of HLA maternalfetal or sibling matching on fetal reproductive outcome [64, [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] and many, but not all, of these studies find that HLA matching is associated. To our knowledge, only one study [80] specifically examines whether male viability is differentially affected by HLA-B maternal-fetal matching. This study finds that surviving males are less likely to be HLA-B matched with their mothers than surviving females [80] , suggesting that male fetuses are more susceptible to the adverse effects of matching.
Other hypotheses address the mechanisms through which putative effects of HLA-B matching, such as low birth weight or preeclampsia, increase schizophrenia risk. One hypothesis posits that preeclampsia leads to abnormal fetal blood flow that results in further complications such as chronic fetal hypoxia or malnutrition [89] , both of which have previously been associated with schizophrenia [29, 30, 33, [90] [91] [92] [93] [94] . In addition, preeclampsia results in an oxidatively stressed or hypoxic placenta that engages a maternal inflammatory response [95] . These processes may damage the microvascular system of the fetal brain [96, 97] and increase susceptibility to schizophrenia [96] .
In summary, our analyses provide additional evidence that HLA-B matching is part of the etiology of schizophrenia, and thus should be further explored. It is important to recognize that neither explanation for the observed increase in HLA-B matching could have been examined if we had used a case-mother/control-mother design. We also show that it is important to collect data on extended pedigrees rather than mother-offspring pairs because intergenerational effects may easily be missed when ignoring the affection status of a proband's relatives. HLA-B matching is not only an example of the broader phenomenon of MFG incompatibility, but is also an important example of an intergenerational mechanism. Our results demonstrate the need for statistical methods and study designs that can test hypotheses regarding intergenerational effects that may underlie a number of complex diseases. The EMFG test addresses this need.
